The Kobe CK4 carbonaceous chondrite is depleted in spallogenic and radiogenic He as well as trapped noble gases. The loss of spallogenic and radiogenic He is likely due to heating by solar radiation. Concordant cosmic-ray exposure ages are obtained from spallogenic 21 3 ) for the precursor meteoroid during neutron-capture reactions. Kobe was also analyzed for He, Ne and Ar by laser-microprobe techniques. The preliminary result shows heterogeneous distribution of noble gas components. A barred olivine chondrule is highly enriched in spallogenic gases and radiogenic He and Ar. It is suggested that a potential source for these components in the chondrule is mesostasis, because it is usually enriched in target elements O, Na and Ca for spallogenic gases and parent nuclides K and U for radiogenic gases, though the chondrule has never been analyzed for concentrations of these elements. A search for carriers of the trapped noble gas component, including matrix minerals, magnetite and also sulfides, olivine and mesostasis of chondrules did not yield positive results. lision shock (Rubin, 1992; Stöffler et al., 1988) . They contain many tiny magnetite and pentlandite throughout silicate interiors. This silicate darkening was caused by shock mobilization of magnetite and pentlandite melt (Rubin, 1993) , which was reproduced by impact experiments at high temperatures (Nakamura et al., 1994 . Rubin (1992) suggests that many of CK chondrites were shocked to S4 (20-35 GPa) to S5 (35-55 GPa) levels prior to thermal metamorphism, but Nakamura et al. (1994) claimed that such high shock level is not necessary if the impacts occurred during high temperature periods. During impacts, shock implantation of noble gases into silicate grains from initial trapping sites would have taken place, in addition to mobilization of magnetitesulfide melt. If oxidation of metal occurred to pro-
INTRODUCTION
The Kobe meteorite fell on 26th of September, 1999 in Kobe, Japan (Nakamura et al., 2000a) . Twenty fragments (total weight 136 g) was recovered, and two pieces C and E were provided on loan from the finder to Dr. N. Nakamura (one of the authors) for the consortium study (Nakamura et al., 2000b) . Kobe has been classified as CK4 carbonaceous chondrite .
CK chondrites are distinguished from other carbonaceous chondrites by several features. They contain large chondrules ranging up to 2 mm in diameter, and have more matrix and thus were more porous than ordinary chondrites. Higher porosity of CK chondrites is prone to being more strongly heated than ordinary chondrites by a col-duce magnetite within porous chondrule-precursor dust clumps in the solar nebula (Rubin, 1993) , magnetite could have trapped solar-type noble gas because of high distribution coefficients of noble gases into magnetite (Yang et al., 1982) . To know what minerals trap noble gases will be helpful to understand processes in the early solar system such as oxidation and crystallization in the solar nebula and shock metamorphism in the parent-body of CK chondrites.
Many works on noble gas isotopes for CK chondrites have been reported so far (e.g., Eugster et al., 1998; Scherer and Schultz, 2000 ; and references cited therein) to discuss their noble gas records and collisional history. However, no works have been done to identify trapping sites of noble gases. Our major goal is to know micro-distribution of noble gases in the Kobe meteorite. Three chips were analyzed for concentrations and isotopic ratios of noble gases. In addition, a polished section was also analyzed for noble gases with a laser microprobe technique (Nagao and Abe, 1994) , in order to investigate trapping sites of primordial noble gases. It is known that these gases have been trapped in chondrule rims in a case of CM carbonaceous chondrites (Nakamura et al., 1999) . In this paper, we will report a result of noble gas analysis of whole rocks and a preliminary result of the laser microprobe analysis.
SAMPLES AND EXPERIMENTAL TECHNIQUES

Samples
Samples used in this work were sliced from a piece Kobe C-5-1 (1.144 g). It was first imaged by a microfocus X-ray CT scanner, and then cut physically into seven plates, based on the threedimensional CT image (Tsuchiyama et al., 2000) . One (C-5-1, P1) of two plates allocated to us is an outermost part that includes fusion crust, and used for noble gas analyses of whole rocks. It was cut further to three chips: IN (7.9 mg), MID (24.1 mg) and OUT (6.3 mg) . OUT is the outermost chip that includes fusion crust.
For the laser microprobe analysis, we used a polished section of 300 µm thick that was made from the second plate C-5-1, P2 ( Fig. 1(a) ). This is too thick to identify whether the laser beam penetrated a single phase (or mineral) of material or ablated composite materials. So minerals or phases referred to in the following discussion are those observed on a surface of the polished section.
Fusion crust (spot-1) is analyzed to know loss of meteoritic gas and acquisition of atmospheric gas by heating upon atmospheric entry. Matrix-1 and -3 (spot-2 and -4) consist of fine mineral grains, whereas matrix 2 (spot-3) is an olivine fragment that is free from inclusions. Chondrule A is a large olivine chondrule (2 mm in diameter) and has a rim including magnetite and sulfides. An olivine grain (0.35 × 0.6 mm in size; spot-8), and a sulfide aggregate (spot-9) and a single magnetite grain (100 µm in size, spot-10) in the periphery were analyzed. The olivine grain has many small inclusions of magnetite, sulfides and mesostasis. Chondrule B (1.5 mm in diameter) consists of large olivine crystals. Analyzed was an olivine grain (0.3 × 0.4 mm in size; spot-5) that contains small magnetite, sulfides and mesostasis grains. In addition, vesicles are found in these olivine grains. Chondrule C is a barred olivine chondrule of 0.8 mm in diameter and consists of barred olivine and mesostasis. Two spots (spot-6 and -7) were analyzed.
Analytical techniques
Each chip of the whole rock sample was wrapped in Al foil and preheated at about 150°C for one day in vacuum in a sample holder of an extraction furnace in order to remove adsorbed atmospheric gases. For gas extraction, it was heated at 1800°C for 20 minutes and released gases were measured using a modified VG5400 mass spectrometer system (MS-II) equipped with an ion counting system at University of Tokyo (Nagao et al., 1995) .
A focused beam (80-µm in diameter) of 1064 nm in wave length from a Q-switched Nd-YAG CW laser oscillating at 2 kHz was used for laser microprobe analysis. The intensity of the laser beam was adjusted to penetrate the sample plate. The energy fed to ablate the sample is around 11 J except for irradiating spot-4, for which 17 J was fed (Table 1) . Spots-5 to -10 were irradiated with the same intensity of 11.6 J. Noble gas isotopes were measured with a modified VG 5400 mass spectrometer (MS-III) equipped with an ion counting system at University of Tokyo (Osawa et al., 2000) . Investigation of laser pits after the analysis demonstrates that spot-5, and spot-6 and -7 penetrated chondrule B and C, respectively. Spot-8 penetrated 150 µm outside the periphery of chondrule A on backside. It therefore penetrated both chondrule and matrix materials. Nearby, two pits are found to have penetrated the fusion crust. It is supposed that slipping of the sample plate on the sample holder took place during ablation by an intense laser beam. Table 1 represents radii of pits observed after laser ablation ( Fig. 1(b) ). Ablated volume calculated geometrically is 0.8 × 10 -6 cm 3 on average. This corresponds to weight of 3 µg with density of 3.5 g/cm 3 . However, as will be discussed later, it is expected that more mass encircling laser pits was heated to release noble gases. This causes elemental fractionation that can not be neglected, and in some cases, isotopic fractionation. However, we have no data to correct for these fractionations at present. No cor- rections for them will be applied in this preliminary study. For these reasons, we will not give concentrations of noble gases for the laser microprobe analysis. Listed in Table 3 are quantities of noble gases released from each spot in the polished section. Sensitivities and mass discrimination coefficients of the two mass spectrometer systems were determined by measuring known amounts of atmospheric gases except for the He isotopic ratio that was calibrated with a mixture of 3 He and 4 He (Nagao et al., 1993) . Typical hot blanks of the MS-II system are:
4 He = 4 × 10 -9 , 20 Ne = 4 × 10 -12 , 40 Ar = 3 × 10 -9 , 84 Kr = 3 × 10 -13 , and 132 Xe = 9 × 10 -14 cm 3 STP. In order to detect very small amounts of noble gases, great efforts were taken to lower noble gas blank for the laser microprobe analysis. Blank data for the MS-III system are given in Table 3 .
For decomposing measured data to the noble gas components, we assume ( 38 Ar/ 36 Ar) t = 0.188, AVCC (AVerage Carbonaceous Chondrite) Kr and Xe (Eugster et al., 1967; Marti, 1967b) Marti and Lugmair, 1971) (Rowe et al., 1966) . No decomposition was applied to Ne isotopes because no trapped 20 Ne were found. We assume that measured 40 Ar, after blank correction, are all radiogenic in the whole rock analysis.
RESULTS
Whole rock samples
Tables 2(a) to (c) list concentrations and isotopic ratios of noble gases for whole rock samples which were prepared from the C-5-1, P1 plate of the Kobe chondrite. Large differences in noble gas concentrations are found among three samples. Xe ratios for OUT suggest losses of spallogenic, neutron-induced, and radiogenic gases from the fusion crust. This also suggests atmospheric contamination through solution and occlusion of air into the fusion crust, and/or inhomogeneous distribution in abundances of trapped Kr and Xe. The abundances of spallogenic Kr isotopes for OUT are 0.85 times lower than those for IN and MID. In addition, as will be shown later (see Table 4 ), spallogenic Ar as well as spallogenic He and Ne were almost entirely lost from the fusion crust in the C-5-1, P2 plate, but 36 Ar and 40 Ar abundances for it are considerably higher than those for matrix. These indicate that both loss of meteoritic gases and acquisition of atmospheric gases certainly took place simultaneously when the meteorite surface was heated to melt at atmospheric entry. From this reason, we will not use the data for OUT in the following discussion.
Kobe is greatly depleted in trapped gases. As found in Table 2 b) ). This will be discussed later in detail. High abundances at light and heavy isotopes of Xe also indicate that Xe consist of spallogenic and probably fissiogenic components besides trapped and radiogenic ones (Table 2(c)). However, small excesses with relatively large errors of heavy isotopes prevent us from decomposing Xe to the components.
Laser microprobe analysis
Preliminary result of laser microprobe analy-sis for 10 spots in the polished section prepared from plate C-5-1, P2 is given in 40 Ar as well as isotopic ratios for He and Ar are variable from spot to spot both in a chondrule and between chondrules as well as in matrix. This suggests uneven distribution in abundance of the target elements for spallogenic gases and the parent nuclides for radiogenic ones as well as in retentivity of He. Table 4 represents distribution of noble gas components in Kobe C-5-1, P2. Equations used for decomposition are given in the footnotes of Table 4 . A comparison is also given between mean abundances of noble gas components released from whole rock samples and from laser-probed samples, and a good agreement between both samples is found with an assumption that 7 µg of rock was ablated by a laser shot. This suggests that more mass than that calculated geometrically was heated to release noble gases, because mean mass calculated on radii of laser pits is ca. 3 µg (Table  1) . This implies that materials within 100 µm across were heated to high temperatures and gases residing therein were released.
3 He/ 4 He and 38 Ar/ 36 Ar ratios for fusion crust (spot-1) indicate that it has lost most of meteoritic gases by heating at atmospheric entry. However, 40 Ar/ 36 Ar is slightly higher than the atmospheric value. This and detection of a trace of 21 Ne suggest that a bit of radiogenic 40 Ar and spallogenic 21 Ne are still retained in the fusion crust, or else they were released from matrix materials adjacent to the laser pits of the fusion crust. No spallogenic Ar are found. However, quantity of 36 Ar is in excess of blank 36 Ar. This can be attributed to atmospheric contamination through solution and occlusion of air Ar into the fusion crust.
Matrix-1 to -3 (spot-2 to -4) released significant amounts of spallogenic gases, but their 40 Ar/ 36 Ar ratios are lower than the atmospheric one. This is because of admixing of spallogenic 36 Ar. Decomposition of Ar to the components gives that 4 to 10 % of detected 36 Ar are spallogenic and the remaining 90 to 96 % are of atmospheric origin. After correction for spallogenic 36 Ar, the matrix-1 to -3 are identical in quantities of 36 Ar with blank Ar and their 40 Ar/ 36 Ar ratios are well in agreement with the atmospheric value: 296. No trapped Ar, therefore, are found in matrix.
Olivine (spot-8), sulfides (spot-9) and magnetite (spot-10) of chondrule A and its periphery released small quantities of spallogenic He. This means significant loss of spallogenic He, since the ablated volumes for these spots are not so small compared with other spots (Table 1 Ar/ 36 Ar ratios for chondrule C indicate that olivine and mesostasis (spot-6 and -7) are enriched in both spallogenic and radiogenic Ar. In particular, the spot-7 is highly enriched in radiogenic He and Ar as well as in spallogenic He, Ne and Ar. These indicate enrichments both in the target elements for spallogenic He, Ne and Ar and in the parent nuclides for radiogenic 4 He and 40 Ar, such as O, Na, Mg, K, Ca and U, in addition to high retentivity of He. Mesostasis can be a potential source of spallogenic and radiogenic gases, though it has never been analyzed for concentrations of these elements. As well known, Na-rich glass has low permeability for He. It is noted that 36 Ar quantities for chondrule C are considerably higher than those for blank 36 Ar.
DISCUSSION
Whole rock samples
Trapped gases: Kobe is similar in low abundances of trapped gases to other CK4 chondrites (e.g., Scherer and Schultz, 2000) . Trapped 36 Ar, 84 Kr and 132 Xe concentrations are as low as those for type 6 ordinary chondrites (Marti, 1967a; see Fig. 2) . Trapped 36 Ar/ 132 Xe ratio for Kobe (=140) is slightly higher than that for Q-gas (=90; Wieler et al., 1991) , and it is in the range of 117 to 176 for normal CK4 chondrites (Scherer and Schultz, 2000) . Ne is 1.67 on average, lower by a factor of 3 than the ratio for a mean chondrite value. One of explanations of spallogenic 3 He loss is solar heating of the meteoroid that flied the orbit near the sun (Hintenberger et al., 1966) . Another possibility for He loss is terrestrial weathering, but it is not the case because Kobe is the freshest specimen that was recovered immediately after fall in a house.
The low concentration of radiogenic 4 He is also an indication that the significant He loss was caused probably by solar heating. It has been reported that three CK chondrites are highly depleted in spallogenic 3 He: two CK4's and one CK5 (two CK5's, EET 87507 and 90026, have been reported but they are paired (Scherer and Schultz, 2000) ). Kr and 126 Xe contributions, and production rates for these isotopes. In calculation, production rates of these isotopes proposed for CV chondrites (Eugster, 1988) were adopted because of similar target chemistry (Eugster et al., 1998) . We have concordant CRE-ages for 21 Ne, 38 Ar and 83 Kr isotopes. Among them, we recommend T 21 = 42.3 ± 1.2 Myr for the most reliable CRE-age of Kobe, because spallogenic 38 Ar and 83 Kr have uncertainties resulting from large corrections of trapped Ar and Kr, respectively. The obtained CRE-age is identical with the result for the Karoonda CK4 chondrite (Scherer and Schultz, 2000) , as found in Fig. 3 . Eugster et al. (1993) and Scherer and Schultz (2000) . Kobe is plotted in the range of petrologic type 6 for ordinary chondrites (Marti, 1967a) . 
Fig. 2. Comparison of trapped Ar and Xe between CK and ordinary chondrites. Data sources for CK chondrites are
Concentrations of neutron-induced Kr and Xe.
Krypton are mixture of the trapped, spallogenic and neutron-induced components ( -12 cm 3 /g. The presence of neutron-induced Kr indicates that the precursor meteoroid of Kobe was large enough to moderate the energy of secondary neutrons down to the epithermal range (30-300 eV), while the total weight recovered is only 136 g (Nakamura et al., 2000a) .
Slowing-down density (q) of epithermal neutrons is given by (Eberhardt et al., 1963; :
Here ξΣ tot is a macroscopic absorption cross section, R an integrated resonance cross section for epithermal neutron capture, and T exp a CRE-age. Secondary neutrons of mean energy E o (3.7 MeV is assumed) are moderated by collisions with atoms in chondrite. Reduction of neutron energy from E o to E corresponds to a Fermi age τ of neutrons, which is given by (Eberhardt et al., 1963) :
Here Σ tr is a macroscopic transfer cross section.
With numerical values given in Table 7 , we have q = 0.0082 n/(cm 3 s) for the slowing-down density and τ = 294 cm 2 for the Fermi age. In calculation of q and τ, we assumed ξΣ tot and Σ tr for ordinary chondrite composition and mean energy of 95 eV for epithermal-neutron capture on 79 Br. Neutrons could be quickly moderated with presence of light elements such as H and C. Although CK chondrites are highly depleted in volatiles, no data on H and C are available for Kobe. Contents of C and other major elements for CK chondrites are similar to those for ordinary chondrites (Lodders and Fegley, 1998) . Mason and Wiik (1962) gave 0.81 wt % H 2 O for Karoonda and 0.3 to 1.1 wt % H 2 O are listed for ordinary chondrites (Lodders and Fegley, 1998) . Therefore, we assume that differences in the contents of H and C as well as major elements between CK and ordinary chondrites are small to the first approximation. The minimum radius or mass of a spherical meteoroid can be given on the assumption that the Kobe was located at the center of it (Eberhardt et al., 1963; Marti et al., 1966) . It is 24 cm in radius or 200 kg (with d = 3.5 g/cm 3 ) in mass. Xenon are mixture of the trapped, spallogenic, radiogenic and fissiogenic components, as already mentioned. Part of decomposition of light isotopes is given in Table 6 (Lodders and Fegley, 1998) and for Br determined in Kobe E (Ebihara, M., private communication) with cross sections of 123 and 102 b (Nakagawa et al., 1995; Kawai et al., 2001) for epithermalneutron captures on 127 I and 79 Br, respectively. Radiogenic gases: As mentioned earlier, considerable parts of radiogenic 4 He have been lost. The mean concentration of radiogenic 40 Ar amounts to 9.5 × 10 -6 cm 3 /g. With a K content of 267 ppm for Kobe C (Nakamura, N., unpublished), we have an apparent K-Ar age of 3.3 Ga (Fig. 3) .
CAN TRAPPED Ar BE DETECTED BY LASER MICROPROBE ANALYSIS?
Where are primordial noble gases trapped in this chondrite, if all 36 Ar that were detected by the microprobe analysis are assigned to the spallogenic and atmospheric components? Olivine in chondrule B, and sulfides and magnetite in the periphery of chondrule A as well as matrix are identical in quantities of released 36 Ar with blank Ar. Certainly no trapped nor spallogenic 36 Ar appeared from these spots. On the other hand, there is a trend that large olivine grains and mesostasis released considerable amounts of 36 Ar in excess of blank 36 Ar, as found in Table 3 and 4. They are olivine grains in matrix-2 (spot-3) and chondrule A (spot-8), and olivine and mesostasis in chondrule C (spot-6 and -7 Table 4 ). However, isotopic data of Ar can be explained as mixture of spallogenic and radiogenic components. This suggests strongly the atmospheric origin of the excessive 36 Ar, though we have no good idea to explain why the excessive 36 Ar were released only from large olivine grains and mesostasis. In order to make the origin of excess 36 Ar clear, we need further investigation to identify the carrier phases of noble gas components by laser-microprobe techniques.
SUMMARY
(1) Kobe is depleted in trapped noble gases to the degree found for type-6 ordinary chondrites.
(2) Kobe is highly depleted in spallogenic and radiogenic He. The most probable explanation of these He losses is solar heating. (5) Laser-microprobe analyses of matrix and chondrules indicate heterogeneous distribution of noble gas components. Among them, a barred olivine chondrule is highly enriched in spallogenic and radiogenic He, Ne and Ar. This suggests that probably mesostasis in the chondrule is enriched in both target elements for spallogenic 21 Ne and 38 Ar and parent nuclides for radiogenic 4 He and 40 Ar, such as O, Na, Mg, K, Ca and U, in addition to high retentivity of He.
(6) No minerals we analyzed in this study demonstrated clear evidence for an enrichment of the trapped component of noble gases: These include minerals in matrix, magnetite and sulfides in a chondrule periphery, and olivine and mesostasis in chondrules.
(7) Fusion crust has lost almost all spallogenic He, Ne and Ar, but it contains large amounts of atmospheric Ar compared with matrix, suggesting acquisition of atmospheric Ar upon atmospheric entry.
